1.. Introduction {#s1}
================

Nowadays, bone defects due to bone trauma and osteocarcinoma represent a major challenge and global health problem \[[@C1], [@C2]\]. Since the early years, autografts have been considered as the 'Gold Standard' in oral surgery and implant dentistry because of the best regenerating results they provide. However, due to the problems associated with secondary trauma and generation of immune repulsion, the availability of autografts for bone regeneration engineering is limited. Other methods such as bone allografts and synthetic graft materials are often used as alternatives \[[@C3], [@C4]\].

In the last several years, three types of synthetic bone substitution materials have been developed: metallic \[[@C5]\], polymeric \[[@C6]\] and ceramic implants \[[@C7]\]. With high mechanical strength and forgeable properties, metallic materials are employed as bone substitutes. However, toxic ions (heavy metal ions) spread inside the body from such materials, which restrict their wide application for bone substitution and regeneration \[[@C8]\]. Polymeric materials possess a similar elastic modulus to bone, but their applications are hampered by inferior biocompatibility and bioactivity \[[@C9]\]. Because of the good biocompatibility, hardness and chemical stability, ceramic materials are deemed to be potential candidates for skeletal repair and substitution materials. In particular, the design of multifunctional ceramic implants for bone regeneration and therapy in bone surgery has attracted most attention \[[@C10]\].

Since the 1970s, much attention has been paid to bioactive glasses (BGs) \[[@C11]\], an important ceramic material. Based on the excellent biocompatibility, osteoinductivity and osteoconductivity, BGs \[[@C12], [@C13]\] are thought to be suitable materials for bone replacement. Based on recent reports, the interconnected network (200--300 *μ*m) is conducive to growth of tissue/cells and transport of large molecular nutrients \[[@C14], [@C15]\], and the mesoporous structure promotes the adsorption and release of biological metabolites at controlled rates to match the demand of tissue repair \[[@C16]\].

Magnetic materials were widely used in biopharmaceutical fields as magnetic targets \[[@C17]\] and magnetic resonance imaging reagents \[[@C18], [@C19]\]. Moreover, the magnetic nanoparticles can produce localized hyperthermia by hysteresis heating upon exposure to an alternating magnetic field \[[@C20]\]. When the temperature is raised to 42--45 °C, tumor/cancer cells are damaged or killed due to overheating, while most of the normal cells survive \[[@C21], [@C22]\].

As we all know, most of the typical methods to synthesize magnetic materials need a reducing atmosphere (H~2~) to reduce the iron source to magnetic iron oxide \[[@C23], [@C24]\]. The preparation process is insecure and the cost is expensive. However, Pedro \[[@C25]\] and his co-workers have shown that ethylene glycol can be utilized as the reductant to reduce the iron source into magnetic iron oxide depending on the reducing aldehyde, which is derived from thermal decomposition of ethylene glycol. The whole process was conducted in a N~2~ atmosphere. In this paper, we use a one-pot method to synthesize magnetic, macro/mesoporous bioactive glasses (MMBGs). The non-ionic triblock copolymer, poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123), is used as the mesoporous template. Considering the similarity between ethylene glycol and P123, we try to treat the mesoporous template P123 as the reductant to reduce the iron source as well. When the thermal decomposition of P123 takes place to produce reducing carbon, the iron source is then reduced to magnetic iron oxide. In addition, the organic materials are always replicated as macroporous templates \[[@C26], [@C27]\] and calcinations in air are needed to produce the macroporous structure. In our work, considering the particularity of the synthetic system, the utilization of organic materials is not permitted because the magnetic iron oxide cannot be transformed in air. Hence, the simple salt leaching processing technique \[[@C28]\], through the filtration of the suitable salt crystal as the macroporous templates, is used to obtain the macroporous structure. Simultaneously, the drug storage/release and biomineralization properties *in vitro* as well as the biocompatibility assessment are studied in detail.

2.. Experimental {#s2}
================

2.1.. Chemicals {#s2-1}
---------------

All chemicals were of analytic reagent grade and used without further purification. EO~20~PO~70~EO~20~ (P123, *M*~w~: 5800) was purchased from Sigma-Aldrich Chemical Company. Tetraethoxysilane (TEOS), triethyl phosphate (TEP), Ca(NO~3~)~2~·4H~2~O and Fe(NO~3~)~3~·9H~2~O were purchased from Tianjin Reagent Company. Hydrochloric acid and ethanol were purchased from Beijing Reagent Company. Sodium chloride (NaCl) was supplied by Shanghai Reagent Company. Ibuprofen (IBU) was obtained from Tianzunzezhong Chemical Company.

HeLa cells were applied for subsequent adhesion assays. Dulbecco's phosphate buffered solution, Dulbecco's modified Eagle medium (DMEM)/Ham's F-12 (1:1), penicillin/streptomycin (P/S) and foetal bovine serum (FBS) were purchased from Sigma-Aldrich. The culture medium was prepared as DMEM/Ham's F-12 (1:1) with 10% FBS, 1% P/S and 2 mg l^−1^ of [l]{.smallcaps}-glutamine.

2.2.. Characterization {#s2-2}
----------------------

The morphologies of the prepared samples were characterized using a scanning electron microscope (SEM, Hitachi S4800) at an accelerating voltage of 20 kV, and sample elements were analyzed by an energy dispersive spectrometer (EDS), associated with SEM. Powder x-ray diffraction (XRD) data were collected on a Bruker D8 ADVANCE diffractometer at 40 kV and 30 mA, using Cu K*α* radiation. The specific surface area of samples was determined using Brunauer--Emmett--Teller (BET) (NOVA 4200E Surface Area and Pore Size Analyzer, Quantachrome, USA). The pore size distributions were calculated from the adsorption branches of the N~2~ adsorption isotherms using the Barrett--Joyner--Halenda (BJH) model. The magnetic properties of samples were characterized with a Vibrating Sample Magnetometer (Lake Shore 7410). Fourier transform infrared (FTIR) spectra were recorded on a Perkin--Elmer 580B Infrared Spectrophotometer using the KBr pellet technique. The UV--vis absorbance spectra were measured using a Shimadzu UV-3101PC spectroscope. Thermo-gravimetric analysis (TGA) was carried out (Perkin--Elmer Diamond 6300) in a flowing air atmosphere at a heating rate of 10 °C min^−1^. Transmission electron microscopy (TEM) images were recorded on an FEI Tecnai F20 instrument.

2.3.. Preparation of the magnetic, mesoporous bioglasses precursor (MMBGs-p) {#s2-3}
----------------------------------------------------------------------------

The bioglasses (BGs) precursor was prepared by a route of self-assembly of Ca, P, Si and Fe sources in the sol--gel process. In a typical procedure, 4.0 g of P123 was added to 60 g of ethanol under magnetic stirring for 2 h and a transparent solution was obtained. Then, 6.7 g of TEOS, 0.73 g of TEP, 1.40 g of Ca(NO~3~)~2~·4H~2~O, 1.0 g of 0.5 M hydrochloric acid and Fe(NO~3~)~3~·9H~2~O were added successively. The molar ratio of MMBGs and Fe was 4:1. The mixture solution was stirred for 24 h.

2.4.. Preparation of magnetic, macro/mesoporous bioglasses (MMBGs) {#s2-4}
------------------------------------------------------------------

Before the experiment, NaCl crystals (200--300 *μ*m) were calcined at 600 °C for 5 h in an air atmosphere. The macroporous scaffold of MMBGs was prepared depending on salt-leaching techniques. Briefly, the prepared precursor was stepwise dropped on the surface and the gap of the NaCl monolith. Later, the yellow NaCl monolith obtained was dried under vacuum for 40 min at room temperature to evaporate the solvent completely. The same procedure was repeated several times. Then, the monolith was calcined at 350 °C in an air atmosphere for 50, 70, 90 and 110 min, and for 3 h in a N~2~ atmosphere at the same temperature. Finally, it was rinsed with distilled water for leaching the salt several times. All samples were named as MMBGs1 (50 min in air), MMBGs2 (70 min in air), MMBGs3 (90 min in air) and MMBGs4 (110 min in air), respectively. The formation process of magnetic, macro/mesoporous bioactive glasses is illustrated in figure [1](#F0001){ref-type="fig"}.

![Illustration of the formation process of magnetic, macro/mesoporous bioglasses.](TSTA11661364F01){#F0001}

2.5.. Drug loading and release {#s2-5}
------------------------------

In order to investigate the drug loading of the samples, IBU, a typical anti-inflammatory drug, was used as the model drug. Typically, the experiment was performed as follows: 0.206 g of MMBGs was added to 10 ml of hexane solution with an IBU concentration of 20.6 mg ml^−1^ at room temperature. Then, the mixtures were stirred for 4 h. The IBU-loaded samples were separated by centrifugation and dried under vacuum at 60 °C. The amount of loading IBU was analyzed by UV--vis spectroscopy at a wavelength of 220 nm. The amount of IBU loading was calculated as the amount of IBU loading (%) = *C*~loading~/*C*~(loading+MMBGs)~, according to the standard curve of IBU in hexane solution: *y* = 0.0194*x* + 0.0644, where *y* is the absorbance and *x* is the concentration (*μ*g ml^−1^).

Briefly, the IBU-loaded samples were immersed in a beaker with 300 ml of simulated body fluid (SBF) solution. The beaker was incubated at 37 °C in a thermostat shaker. At appropriate intervals, the release medium (3.0 ml) SBF solution was taken and immediately replaced with an equal volume of fresh SBF. The 3.0 ml extracted medium was diluted with SBF solution, and the amount of released IBU in the taken SBF solution was measured by a UV--vis spectrophotometer at 220 nm.

2.6.. *In vitro* biomineralization of MMBGs {#s2-6}
-------------------------------------------

The assessment of the *in vitro* biomineralization of MMBGs was conducted in the SBF, which has an ionic composition similar to that of human blood plasma. Each specimen was immersed in 300 ml SBF solution at 37 °C to monitor the formation of hydroxyapatite (HAP) over time. The immersed samples were then taken out from the SBF solution and washed three times with acetone and ethanol. The resulting samples were analyzed using SEM, EDS, XRD and FTIR.

2.7.. Cell adherence {#s2-7}
--------------------

HeLa cells were cultured in culture media at 37 °C in 10% fetal calf serum, 88% (v/v) DMEM, 1% [l]{.smallcaps}-glutamine and 1% P/S. The cells were suspended in fresh culture medium and were counted using a Countess cell counting chamber slide in a Countess automated cell counter. The cell suspension was diluted to the required concentration using fresh culture media, so that each scaffold was subsequently seeded with a 40 *μ*l cell suspension containing 10 000 cells.

The cell-seeded scaffolds were incubated for 1 h, before adding 1 ml of culture medium to each well of the 48-well plates. They were further cultured in the incubator for 3 days and the culture medium was renewed once in 2 days.

Specimens were fixed in 2.5% glutaraldehyde in 0.01 M sodium cacodylate buffer (pH 7.3) at 4 °C overnight then dehydrated in a graded series of alcohols (50, 70, 90 and two changes of 100% ethanol), washed with hexamethyldisilazane for 1 min and stored in a desiccator. Then, samples were sputter coated with gold before being examined under a SEM. Observation using the SEM was conducted at an accelerating voltage of 15 kV.

3.. Results and discussion {#s3}
==========================

3.1.. Structural features {#s3-1}
-------------------------

The morphology of MMBGs is shown in figure [2](#F0002){ref-type="fig"}(a). The SEM images demonstrate the three-dimensional interconnected macroporous structure with a pore size of 200--300 *μ*m, which indicates that the salt crystal structure was replicated perfectly. It is worth noting that the pore dimensions within the range of 200--300 *μ*m are suitable for cell attachment, proliferation and migration \[[@C29]\]. The EDS analysis of MMBGs (figure [2](#F0002){ref-type="fig"}(b)) indicates that these samples are only composed of Si, Ca, P, O and Fe. No other hetero-atoms are presented, which shows that the chemical compositions of the final products have been preserved from the precursor solution.

![SEM image (a) and EDS analysis (b) of MMBGs.](TSTA11661364F02){#F0002}

The low-angle XRD patterns of MMBGs1, MMBGs2, MMBGs3 and MMBGs4 are shown in figure [3](#F0003){ref-type="fig"}(a). As is seen, MMBGs2, MMBGs3 and MMBGs4 present an apparent characteristic diffraction peak at 2*θ* = 1.12°, which proves that the mesoporous structures of the samples were formed. In contrast, no diffraction peaks can be observed for MMBGs1, testifying that the calcination time in air is significant for the removal of P123. The shorter calcination time in air induces more P123 residual that is not beneficial for the ordered structure in the final sample. In order to investigate the amount of residual P123, TGA was carried out (supplementary figure S1, available from [stacks.iop.org/STAM/14/025004/mmedia](http://stacks.iop.org/STAM/14/025004/mmedia)). The weight loss between 300 and 500 °C can respond to the residual P123. From MMBGs1 to MMBGs4, the amount of residual P123 is 9, 6, 4 and 2%, suggesting that the shorter the time for calcination in air, the more residual P123 is left. But, as reported \[[@C30]--[@C33]\], carbon can be used in the biomedical field and cytotoxicity cannot be found in materials with a low content. Figure [3](#F0003){ref-type="fig"}(b) shows the wide-angle XRD patterns of the samples. A broad peak between 20° and 30° can be clearly observed, which can be ascribed to amorphous silica in all samples. The peaks at 30.1, 35.4, 43.1, 57 and 62.5° correspond to the (220), (311), (400), (333) and (440) reflection of the typical diffraction of Fe~3~O~4~ (JCPDS no 79--0416), testifying that Fe(NO~3~)~3~ can be completely transformed into magnetic iron oxide. Nonetheless, from MMBGs1 to MMBGs4, the characteristic diffraction peaks of Fe~3~O~4~ become obvious. With a longer calcination time in air, less P123 is left to reduce the iron source and produce less magnetic iron oxide.

![Low-angle XRD patterns and wide-angle XRD patterns of MMBGs1 (a), MMBGs2 (b), MMBGs3 (c) and MMBGs4 (d).](TSTA11661364F03){#F0003}

To further testify to the correlation of the calcination time in air with the formation of magnetic iron oxide, the magnetic properties of the samples obtained were investigated. Figure [4](#F0004){ref-type="fig"} presents the magnetization characterization of MMBGs1, MMBGs2, MMBGs3 and MMBGs4 at room temperature. The hysteresis loops (figure [4](#F0004){ref-type="fig"}(a)) indicate the super-paramagnetism of the materials obtained. In addition, the corresponding saturation magnetizations (*M*~s~) of four samples are 6.78, 3.72, 3.19 and 1.96 emu g^−1^, respectively. The magnetic separability of MMBGs2 and MMBG3 is demonstrated in distilled water by placing a magnet beside the glass bottle. The samples show a fast separating process in 30 s when a magnet is placed near the glass bottle (figure [4](#F0004){ref-type="fig"}(b)). By extending the calcining time in air, the saturation magnetization values decrease. In this synthetic process, residual P123 is used as the reductant, which can reduce Fe^3+^ to Fe~3~O~4~ depending on the thermal decomposition of P123. The shorter calcining time in air retains more residual P123, which is beneficial to the formation of Fe~3~O~4~ and induces large saturation magnetization values. From the above investigation, with the good porous structure and magnetic property, MMBGs2 and MMBG3 were selected as suitable materials for bone tissue regeneration.

![Magnetization curves of four samples at room temperature (a); photograph of dispersed MMBGs2 and MMBGs3 (b), (c) in water before and after being placed near an external magnet.](TSTA11661364F04){#F0004}

Figure [5](#F0005){ref-type="fig"} shows the representative TEM images of MMBGs2 and MMBGs3. All samples show ordered mesoporous structure with a straight channel. Small Fe~3~O~4~ nanoparticles are homogeneously dispersed in the wall of the matrix and no accumulation of Fe~3~O~4~ particles can be found, obviously. Nevertheless, compared with the common mesoporous bioglass \[[@C34]\], the ordered degree of mesoporous structure decreases for MMBGs, that is, the assembly of surfactant could be affected by the doping Fe^3+^ to some extent.

![Representative TEM image of the as-synthesized MMBGs2 and MMBGs3. (The arrows indicate the presence of Fe~3~O~4~ nanoparticles.)](TSTA11661364F05){#F0005}

Nitrogen adsorption--desorption isotherms are presented in figure [6](#F0006){ref-type="fig"}(a). MMBGs2 and MMBGs3 show the typical IV isotherm curves with a capillary condensation step in the relative pressure range of 0.4--0.6 *P*/*P*~o~, suggesting cylindrical mesoporous structure formation. The BJH-pore-size distributions (*D*~p~) show a peak center at 3.4 nm (figure [6](#F0006){ref-type="fig"}(b)). The BET surface areas (*S*~BET~) and pore volumes (*V*~p~) of MMBGs2 and MMBGs3 are 422 m^2^ g^−1^ and 0.378 cm^3^ g^−1^, 410 m^2^ g^−1^ and 0.386 cm^3^ g^−1^, respectively (table [1](#TB1){ref-type="table"}). From the above investigation, the residual surfactant of MMBGs2 is more than that of MMBGs3, making the surface area and the pore volume decrease.

![N~2~ adsorption--desorption isotherms (a) and BJH-pore distribution (b) of MMBGs2 and MMBGs3.](TSTA11661364F06){#F0006}

###### 

Mesopore pore structure parameters, saturation magnetization values and IBU loading of MMBGs2 and MMBGs3.

  Sample   *S*~BET~ (m^2^ g^−1^)   *V*~p~ (cm^3^ g^−1^)   *D*~p~ (nm)   *M*~v~ (emu g^−1^)   IBU loading (%)
  -------- ----------------------- ---------------------- ------------- -------------------- -----------------
  MMBG2    410                     0.386                  3.4           3.72                 16.4
  MMBG3    422                     0.378                  3.4           3.19                 18.7

3.2.. IBU loading and release {#s3-2}
-----------------------------

The IBU-loading capacity is shown in table [1](#TB1){ref-type="table"}. With larger surface area and higher pore volume, MMBGs3 (18.7%) has more outstanding drug-loading capacity than MMBGs2 (16.4%).

The FTIR spectra of MMBGs2 and MMBGs3 are studied to confirm the loading of IBU. From figure [7](#F0007){ref-type="fig"}, the absorption bands of --OH (3420 cm^−1^), Si--O--Si (1082 cm^−1^), Si--OH (816 cm^−1^) and Si--O (470 cm^−1^) are obvious, indicating the amorphous silica framework formation. The band of Fe--O (561 cm^−1^) can be attributed to magnetic iron oxide. Moreover, the characteristic bands at 1799 and 1550 cm^−1^ are ascribed to stretching vibration and skeletal vibration of the aromatic ring of IBU, confirming that IBU are successfully loaded into the mesoporous materials.

![FTIR spectra of IBU-containing materials: MMBGs2 (a) and MMBGs3 (b).](TSTA11661364F07){#F0007}

*In vitro* release experiments of IBU-loaded samples were carried out in SBF, as given in figure [8](#F0008){ref-type="fig"}. The drug release of IBU can be classified into two stages: the drug burst release and the controlled release process. In the first hour, the mean values of IBU release percentages for MMBGs2 and MMBGs3 are 11.4 and 17.8%, respectively. For the initial fast release of IBU, it may be attributed to rapid diffusion of the drug from the macroporous structure. Then, the controlled release takes place at 10 h and the cumulative release percentages are 60 and 67%. The drug stored in mesoporous channels diffuses to the macropore after the longer-time penetration of the medium and shows the well-controlled drug release process. Afterwards, at 36 h, the maximal value of the IBU cumulative release percentages of two samples can be obtained as about 80 and 89%.

![IBU cumulative release of MMBGs2 and MMBGs3 in SBF solution.](TSTA11661364F08){#F0008}

3.3.. Bioactivity of inducing hydroxyapatite (HAP) growth {#s3-3}
---------------------------------------------------------

The HAP inducing-growth ability of the samples was investigated after soaking in SBF at 37 °C for 3 days. From figures [9](#F0009){ref-type="fig"}(a) and (b), the abundant flower-like crystals covering the surface of the samples can be observed. From the further amplification images, all plate-like nanocrystals are assembled into the flower-like crystals. The corresponding EDS patterns of MMBGs2 and MMBGs3 (figures [9](#F0009){ref-type="fig"}(c) and (d)) demonstrate that the main contents of the samples are Si, Ca and P. Additionally, the ratios of Ca/P for formed flower-like crystals are 1.67 and 1.69, respectively. These are consistent with the composition of HAP, proving that these materials can induce the growth of HAP.

![SEM images of the samples: low-resolution image (a), (the inset) high-resolution image of MMBGs2, low-resolution image (b), (the inset) high-resolution image of MMBGs3, EDS patterns of MMBGs2 (c), EDS patterns of MMBGs3 (d) after soaking in SBF for 3 days.](TSTA11661364F09){#F0009}

Supplementary figure S2 (available from [stacks.iop.org/STAM/14/025004/mmedia](http://stacks.iop.org/STAM/14/025004/mmedia)) represents the FTIR spectra of MMBGs2 and MMBGs3 after soaking in SBF for 3 days. It is certain that the absorption bands of the phosphate groups at 601 and 558 cm^−1^ are from HAP. That further testifies to the growth of HAP \[[@C35], [@C36]\].

Figure [10](#F0010){ref-type="fig"} shows the wide-angle XRD patterns of MMBGs2 and MMBGs3 after soaking in SBF for 3 days. The diffraction peaks appearing at 31.8, 33.0, 35.5, 43.8, 45.3, 49.4 and 53.1° can be assigned to the (211), (300), (301), (113), (203), (213) and (004) crystal planes of HAP (JCPDS no. 09-0432). Thus, it further confirms the growth of HAP nanocrystal on the surface of prepared materials by the one-pot method. It is known that HAP is the main inorganic component of human bone. The spontaneous inorganic mineralization of HAP gives these materials potential application in bone tissue regeneration.

![Wide-angle XRD patterns of MMBGs2 (a) and MMBGs3 (b) after soaking in SBF for 3 days. (The circle represents the Fe~3~O~4~ characteristic diffraction peak; the triangle represents the HAP characteristic diffraction peak.)](TSTA11661364F10){#F0010}

3.4.. HeLa cell adherence {#s3-4}
-------------------------

The SEM images of cells attached onto each surface after incubation for 3 days are displayed in figure [11](#F0011){ref-type="fig"}. All images show that the cells can attach and spread on the surface, suggesting the good biocompatibility and cell adhesion of synthetic materials. This is an important requirement for bone regeneration application.

![SEM images of HeLa cells morphology onto each surface of MMBGs2 (a) and MMBGs3 (b) after culturing for 3 days.](TSTA11661364F11){#F0011}

4.. Conclusions {#s4}
===============

Magnetic and macro/mesoporous bioactive glasses (MMBGs) were successfully synthesized by a novel one-pot method. A simple salt leaching processing technique was used to produce macroporous structure. P123 was used as the mesoporous template and as the reductant to reduce Fe^3+^ to Fe~3~O~4~ by the thermal decomposition product of P123. It was a simple and feasible way to synthesize the MMBGs. The materials showed interconnected macroporous (200--300 *μ*m) and mesoporous (3.4 nm) structure, which benefits bone regeneration and drug release. Rapid induced HAP precipitation after immersing in SBF solution indicated the high bioactivity of these materials. Moreover, the cell experiment confirmed that the materials obtained had good biocompatibility and cell adherence ability. With the novel hierarchical porous structure and magnetic property, these materials exhibited potential applications in bone substitution or regeneration.
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